Truncation of the algal light-harvesting antenna is expected to enhance photosynthetic productivity. The wild type and three mutant strains of Synechocystis sp. strain 6803 with a progressively smaller phycobilisome antenna were examined under different light and CO 2 conditions. Surprisingly, such antenna truncation resulted in decreased whole-culture productivity for this cyanobacterium.
P
hotosynthetic organisms use antenna systems to harvest light and transfer the energy to reaction centers where photochemistry occurs. Antenna systems cause inefficient use of available light energy in monoculture for two reasons: the organisms at the surface of incident light are quickly saturated and must dissipate excess energy by wasteful nonphotochemical processes, and in dense cultures, organisms at the surface of the incident light shade those below (14) . Antenna truncation has been considered a viable strategy for increasing monoculture photosynthetic productivity (12) , and in the green alga Chlamydomonas reinhardtii, it successfully increased photoautotrophic biomass (3) and hydrogen production (9) . Antenna truncation has yet to be explored for biomass production in cyanobacteria.
In the model cyanobacterium Synechocystis sp. strain PCC 6803 (here Synechocystis 6803), and most other cyanobacteria, the phycobilisome complex is a large membrane-extrinsic light-harvesting antenna (8) . The phycobilisome is a hemidiscoidal pigment-protein complex composed of an allophycocyanin core, phycocyanin rods, and several linker proteins that connect the rods to the core and the core to the stromal side of the thylakoid membrane (4, 5, 15) . Wild type (WT) Synechocystis 6803 and three previously described mutants (CB, CK, and PAL) that express increasingly truncated phycobilisomes were examined for changes in photoautotrophic productivity. In the CB mutant, phycobilisomes contain only one phycocyanin hexamer per rod (17) . The CK mutant has phycobilisomes that retain the allophycocyanin core but lack phycocyanin rods (16) . The PAL mutant lacks assembled phycobilisomes entirely (1) . These mutants were generated by disruption of genes encoding phycobilisome subunits as described in references 1, 16, and 17.
Cyanobacterial strains were maintained on solid BG11 plates (2) with antibiotic selection (for CB and CK, 10 g/ml kanamycin; for PAL, 10 g/ml chloroamphenicol and spectinomycin) at 30°C under constant white fluorescent light (30 mol photons m Ϫ2 s Ϫ1 ). Growth levels of these strains were compared using liquid cultures inoculated from plates into 250-ml Erlenmeyer flasks containing 100 ml BG11. Cultures were grown at 30°C in 50-mol photons m Ϫ2 s Ϫ1 light on an orbital shaker at 150 rpm, and CO 2 was provided by ambient air. A growth curve under these conditions was generated by sampling and measurement of the optical density at 730 nm (OD 730 ) on a BioTek Quant plate reader at 72-hour intervals for 16 days (Fig. 1) . Doubling time was calculated between 0 and 72 h, when cultures were growing exponentially, and was found to be 25.2 Ϯ 0.5 h (WT), 22.8 Ϯ 1.1 h (CB), 29.0 Ϯ 0.5 h (CK), and 44.9 Ϯ 0.5 h (PAL) (means Ϯ standard errors). In general, doubling time increased as antenna size decreased. The WT achieved the highest stationary-phase densities at day 16, and all stationary-phase cell densities were very similar. Under these conditions, antenna modification did not provide a productivity advantage.
In order to optimize growth conditions, FMT-150 flat-panel photobioreactors manufactured by Photon Systems, Inc. (13) were used. These bench-scale (350-ml) photobioreactors have a uniform 2-cm path length and use variable-intensity blue (455 nm) and red (627 nm) light-emitting diodes (LEDs) as the light source. A custom CO 2 mixing system from Qubit Systems Inc. precisely controlled the CO 2 input rate and concentration. Synechocystis 6803 WT, CB, CK, and PAL cultures were started from plates into 100 ml of BG11 in 250-ml Erlenmeyer flasks with appropriate antibiotics. Upon reaching mid-log phase, cultures were pelleted and resuspended in 5 ml of fresh BG11 and transferred to the photobioreactors. Cultures were then adapted to illumination and CO 2 conditions in continuous turbidostat mode at an OD 735 of 0.3 for 3 days. An integrated densitometer automatically measured changes in optical density at 735 nm (13) . Day zero biomass samples of batch mode experiments were taken at the end of the continuous mode growth period and marked the transition to batch mode growth.
Initial photobioreactor growth curves determined conditions under which both WT and the most severe phycobilisome mutant, PAL, could consistently achieve stationary phase. In air bubbled at 350 ml/min, the PAL mutant cultures repeatedly died at pH ϳ10.3 and WT grew slowly. A representative growth curve is shown in Fig. 2 . The pH of 10.3 is significant in cyanobacteria cultures: it is the pH at which the predominant carbon species in the medium becomes carbonate, due to CO 2 equilibrium with water. These results indicated that PAL has additional difficulties in balancing light harvesting and carbon uptake, and so it was not investigated further.
Bubbling 5% CO 2 at a rate of 350 ml per minute improved growth irregularities and allowed WT, CB, and CK to reach consistent stationary phases (Fig. 3 ). Combined light intensities of 100 mol photons m Ϫ2 s Ϫ1 (blue) and 50 mol photons m Ϫ2 s
Ϫ1
(red) were determined to be optimal because the cultures showed a significantly higher doubling time over that in Erlenmeyer flasks and no special treatment of the cells was necessary to achieve repeatable growth curves. Higher light intensities were tested, but both WT and PAL cultures grew sporadically or were photobleached during the 3-day adaptation period. Culture samples and oxygen evolution data were collected daily during the growth curve experiment in Fig. 3 and used to generate the data summarized in Table 1 . An integrated MettlerToledo Clark-type oxygen electrode was used to determine respiration (R), photosynthetic oxygen evolution (P), and saturated photosynthetic capacity (P sat ) for the entire culture (6). R was determined by measuring the rate of oxygen consumption in the dark, while P was determined by measuring the rate of oxygen evolution with lights set at the experimental level and adding R. P sat was determined by using strong actinic light (700 mol photons m Ϫ2 s Ϫ1 [red] and 600 mol photons m Ϫ2 s Ϫ1 [blue]) to drive oxygen evolution and adding R. These values reflected productivity parameters for the entire culture in situ.
Cell count, biomass concentration, and pigment concentration findings are also included in Table 1 to accommodate direct comparisons to other microalgal strains. Biomass accumulation in the photobioreactors was measured by oven drying 5-ml samples of liquid culture in aluminum dishes for 24 h at 105°C. The cell count was determined on a Nexcelom Auto M10 cell counter. Chlorophyll and phycobilin concentrations were determined spectroscopically (10) . The phycobilin concentration verified the predicted phenotype and was in agreement with whole-cell absorption spectra (7) .
The whole-culture oxygen evolution rates of antenna truncation mutants showed more overall photosynthesis when cells were at a high density (120 h) than at exponential growth (24 h). This is in direct contrast to findings with the WT, which performed less overall photosynthesis (P) at stationary phase (Table 1) . This did not translate to improved growth rates, however, as calculated doubling times during exponential growth were 13.76 Ϯ 0.48 h (WT), 19.79 Ϯ 0.33 h (CB), and 28.14 Ϯ 1.53 h (CK). Additionally, whole-reactor biomass accumulation rates also decreased with antenna size: 4.02 Ϯ 0.42 mg/h (WT), 3.24 Ϯ 0.07 mg/h (CB), and 2.67 Ϯ 0.31 mg/h (CK). Contrary to the predictions for antenna mitigation proposed with green algal models (11), phycobilisome antenna truncation does not provide a clear productivity advantage to cyanobacterial monoculture. 
